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•  Volumic  expansion  of  nano  Si  was 
observer  by  in  situ  SEM. 

•  Si  keep  their  integrity  when  the 
discharge  is  stopped  at  a  voltage 
0.1  V. 

•  Particles  of  size  d  <  2  pm  do  not 
crack. 
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In  situ  and  ex  situ  scanning  electron  microscopy  of  nano  Si  and  SiO  anode  particles  was  carried  out 
during  the  first  cycles,  and  at  various  stages  of  charge.  The  particle  size  effects  were  explored  in  the  range 
0.1—20  pm,  providing  a  new  insight  into  the  micro-structural  evolution  of  the  particles  as  a  function  of 
their  size,  and  into  the  ‘mechanical’  resistance  upon  important  volume  change  upon  phase  trans¬ 
formation  of  these  anodes.  For  small  particles,  the  failure  of  the  battery  comes  from  an  electrochemical 
sintering  that  compacts  the  whole  electrode,  which  results  in  its  cracking.  The  particles  keep  their 
integrity  when  the  discharge  is  stopped  at  a  voltage  0.1  V,  which  corresponds  to  the  chemical  compo¬ 
sition  Li^Siy,  while  the  particles  are  known  to  crack  at  deeper  discharge  up  to  L^Sis.  Replacing  the  Si 
particles  by  SiO  particles  in  an  attempt  to  avoid  these  structural  effects  did  not  help,  because  of  the 
different  chemical  reactions  during  cycling,  with  the  loss  of  oxygen. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  have  become  the  most  popular  technology 
for  electric  energy  storage,  with  applications  as  power  source  for 
portable  electronics,  and  more  recently  for  hybrid  and  electric 
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vehicles.  This  success  is  due  to  the  development  and  optimization 
of  active  materials  as  positive  electrodes  (see  Refs.  1—3]  for  a  re¬ 
view),  and  negative  electrodes  (see  Ref.  [4]  for  a  review).  Many 
efforts  are  currently  made  to  increase  the  energy  density,  the  power 
density  and  the  intrinsic  safety  of  the  battery.  The  commercialized 
anode  is  usually  graphite  carbon,  although  Li4Ti50i2  is  presently 
used  for  applications  that  demand  a  lot  of  power  [5,6].  The  capacity 
of  carbon  graphite  is  370  mAh  g-1.  This  is  much  smaller  than  silicon 
that  has  a  gravimetric  capacity  4200  mAh  g-1  when  lithiated  to 
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LLj^Si,  and  volumetric  density  9786  mAh  cm-3  based  on  the  initial 
volume  of  Si,  respectively  [7-9].  These  are  the  highest  capacities 
among  all  the  anode  elements  for  Li-ion  batteries,  except  Li  metal 
itself.  For  this  reason,  Si  has  been  considered  as  the  promising 
element  to  increase  the  energy  density  of  the  Li-ion  batteries  since 
many  years  [10-12].  It  is,  however,  difficult  to  believe  it,  because 
the  cathode  limits  the  energy  density  of  a  Li-ion  cell,  not  by  the 
anode  element.  The  capacity  of  LiFePCU  olivine  is  170  mAh  g-1,  that 
of  lamellar  compounds  slightly  larger,  but  still  much  smaller  than 
that  of  graphite,  and  at  the  price  of  thermal  instability  that  reduces 
the  intrinsic  safety  of  the  batteries  [13].  Nevertheless,  the  investi¬ 
gation  on  the  Si  anode  is  of  interest  for  another  reason,  as  the 
performance  of  the  graphite  anode  depends  strongly  on  the  sta¬ 
bilization  and  control  of  the  solid-electrolyte  interface  that  limits 
the  performance  and  calendar  life  of  the  battery.  So  far  however,  Si- 
based  anodes  suffer  from  numerous  problems  that  prevent  them 
being  commercialized.  In  particular,  the  performance  degrades 
during  the  first  cycles  due  to  the  large  variations  of  the  volume 
during  the  charging/discharging  process  [14-20]:  when  trans¬ 
forming  from  Si  to  Li^Si,  the  volume  expansion  is  420%  [21-25]. 
This  large  volume  expansion/contraction  during  lithium  insertion / 
extraction  is  responsible  for  the  cracking  of  the  Si  particles, 
observed  by  atomic  force  microscopy  during  the  Li-extraction  [26- 
28].  In  an  attempt  to  overcome  this  problem,  many  efforts  have 
been  made  to  reduce  the  size  of  the  Si  particles  to  the  nanoscale, 
which  have  been  recently  reviewed  [29],  in  order  to  reduce  the 
internal  stress,  Indeed,  the  electrochemical  properties  have  been 
improved  when  Si  is  under  the  from  of  clamped  hollow  structures, 
such  as  double-walled  nanotubes  and  yolk-shell  nanoparticles. 
Such  a  structure,  with  Si  nanotubes  coated  with  a  SiOx  layer  showed 
a  remarkable  capacity  of  1000  mAh  g1  at  rate  12C,  with  long 
cycling  life  (6000  cycles  with  88%  capacity  retention)  [30].  Such 
devices,  however,  are  still  too  expensive  to  be  commercialized.  In 
this  context,  the  size  dependence  of  the  Si-properties  and  the  na¬ 
ture  of  the  solid-electrolyte  interface  need  to  be  studied  and  are 
identified  as  two  areas  where  research  is  needed  [29].  For  this 
purpose,  in-situ  electron  microscopy  measurements  are  a  very 


useful  tool,  since  they  allow  real-time  observation  of  the  charging/ 
discharging  behavior  of  individual  particles.  This  strategy  has 
already  been  used  to  investigate  the  effect  of  metallic  coating  on  Si 
expansion  [20],  and  the  behavior  of  individual  Si  nanowire  elec¬ 
trodes  [31-34]. 

In  the  present  work,  we  report  both  in-situ  and  ex-situ  SEM 
experiments  to  observe  the  charging/discharging  behavior  of 
bigger  particles  to  investigate  the  micro-structural  evolution  of 
nano  Si  particles  during  electrochemical  cycling  as  a  function  of 
their  size,  completed  by  an  analysis  of  SiO-based  anode,  aiming  to 
determine  the  critical  size  above  which  cracking  of  bare  particles 
cannot  be  avoided.  We  also  investigate  dynamically  the  micro- 
structural  change  of  morphology  of  the  whole  Si  and  SiO  electrodes 
to  investigate  the  effect  of  the  changes  of  the  volumes  of  the  par¬ 
ticles  at  the  level  of  the  entire  electrode  (active  material,  binder, 
conductive  carbon). 

2.  Experimental 

2.1.  Materials 

Different  sources  of  Si  were  selected  to  cover  a  broader  range  of 
particle  sizes:  nano-Si  particles  (average  particle  size  ca.  100  nm); 
bigger  SiO*  particles  (2-8  p).  0.8  cm  x  0.8  cm  cells  were  assembled 
and  prepared  for  SEM  cross-section  observation  using  a  cryo- 
microtome.  The  electrodes  were  prepared  by  mixing  Si  and 
graphite  (1:1  weight  ratio)  with  the  binder  dissolved  in  N-methyl- 
2-pyrrolidinone  (NMP)  in  the  ratio  10%.  The  graphite  (OMAC1S,  15- 
pm  average  particle  size)  was  obtained  from  Osaka  Gas  (Japan).  The 
SiOx  powder  is  the  same  as  that  used  in  Ref.  [35].  Since  the  changes 
in  volume  of  the  Si  particles  are  large  upon  cycling,  the  electro¬ 
chemical  properties  strongly  depend  on  the  binder  [35].  The  binder 
used  in  the  Si  experiments  was  algae,  chosen  because  it  has  been 
recently  proved  to  give  much  better  electrochemical  properties 
than  the  conventional  poly  (vinylidene  fluoride)  (PVDF)  [36].  A 
small  fraction  of  vapor-grown  carbon  fibers  (2%  VGCF  from  Showa- 
Denko  (Japan))  was  added  to  the  electrode  composition.  These 


Fig.  1.  Right  side:  Field  emission  gun  (FEG-SEM)  images  of  the  Si  anode  before  cycling  at  two  different  magnifications.  The  average  size  of  the  Si  particles  islOO  nm.  Left  side:  same 
electrode  after  the  two  cycles  shown  in  Fig.  2. 
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slurries  are  coated  on  copper  foil  and  dried  for  24  h  at  120  °C  under 
vacuum,  and  then  compressed.  The  counter  electrode  was  lithium 
metal.  The  cells  were  assembled  in  an  argon-filled  glove  box.  The 
solid-polymer  electrolyte  (SPE)  chosen  for  in-situ  experiments  was 
a  star-shaped  polymer  having  Poly( ethylene  oxide)  (PEO)  arms 
containing  Lithium  Bis(Trifluoromethanesulfonyl)Imide  (LITFSI)  in 
the  ratio  of  O/Li  =  30:1.  The  cells  were  pressed  one  hour  to  obtain  a 
good  Li/SPE  interface. 

2.2.  Electrochemical  tests 
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The  ex-situ  charge-discharge  measurements  were  carried  out 
on  CR2025  coin-type  cells  with  a  Li-metal  counter  electrode,  Cel- 
gard  3501  separator  and  electrolyte  of  1  M  LiPF6  in  a  mixture  of 
ethylene  carbonate  (EC)  and  diethyl  carbonate  (DEC);  in  these  ex¬ 
periments,  discharge  refers  to  the  insertion  of  Li+  in  Si  as  the  cell 
voltage  decreases  to  0  V.  Charge  refers  to  the  extraction  of  Li  from 
SiLix  when  the  voltage  increases  from  0  to  2.5  V.  The  tests  were 
evaluated  with  a  multichannel  battery  cycler  (MacPile,  Claix, 
France). 

2.3.  Characterization 

The  electrodes  using  nano-sized  Si  particles  were  observed  in- 
situ  using  a  Field  emission  gun  electron  microscopy  (FEG-SEM) 
(S-4700,  Hitachi,  Japan).  The  electrodes  using  bigger  SiOx  anodes 
were  examined  by  a  Variable  pressure  SEM  (S-3500N,  Hitachi, 
Japan).  The  same  experimental  set-up  was  used  recently  to  inves¬ 
tigate  the  SiOx— graphite  as  negative  electrode  [35].  We  have  used  a 
FEG-SEM  for  Si  particles  because  of  their  smaller  size.  It  was  not  be 
possible  to  see  any  grain  details  in  the  Si  experiment  using  a 
standard  scanning  electron  microscope  (SEM)  with  a  W  hairpin 
source.  The  FEG  used  a  nano-sized  W  filament  from  which  the 
electrons  are  extracted  using  a  very  high  electric  field.  This  leads  to 
much  higher  primary  electron  brightness  (108  A  cm-2  str-1  for  a 
FEG  against  105  for  a  W  hairpin)  and,  owing  to  better  lenses,  a  very 
small  spot  size  even  at  a  lower  accelerating  voltage  and  current  in 
order  to  decrease  the  deterioration  and  charging  of  the  materials 
under  investigation.  The  in-situ  SEM  observations  can  be  made 
either  plane  (top)  view  or  in  cross-section  view  of  the  electrode. 
The  details  on  the  electrode  preparation  and  the  operational  pro¬ 
cedures  of  the  SEM  have  been  described  elsewhere  [37-39].  The 
cells  were  cycled  in  a  custom  build  sample  holder  under  a  small 
pressure  (<30  psi  or  equivalently  <  206  KPa)  at  70  °C. 

For  ex-situ  analysis  of  SiOx  electrode  at  different  depth  of 
discharge  (DOD),  the  electrodes  were  observed  plan-view,  and 
tranches  were  prepared  in-situ  using  a  ‘nano-duet’  microscope 
(NB-5000,  Hitachi,  Japan). 

3.  Results  on  Si  electrodes 

The  SEM  image  of  the  nano  Si  electrode  before  cycling  in  Fig.  1 
shows  that  Si  particles  are  poly  dispersed  with  sizes  in  the  range 
70-200  nm  (average  particle  size  ca.  100  nm).  The  cycling  results 
for  this  electrode  are  illustrated  in  Fig.  2.  We  have  checked  that  the 
capacity  1160  mAh  g-1  during  the  first  cycle  is  almost  equal  to  the 
theoretical  one  and  does  not  depend  on  the  cycle  rate  at  the  low 
C-rates  up  to  C/15.  Then  we  have  reported  in  Fig.  2  the  voltage  of 
the  cell  that  is  the  only  parameter  that  depends  on  the  C-rate 
under  such  conditions  up  to  the  end  of  the  cycle.  The  next  cycles 
are  recorded  when  the  current  is  fixed  to  the  theoretical  value 
corresponding  to  a  charge/discharge  at  C/15.  The  difference  be¬ 
tween  the  discharge  time  and  the  corresponding  charge  times  for 
the  two  first  cycles  gives  evidence  of  the  loss  of  capacity  in  the 
second  cycle,  the  shorter  time  in  the  charge/discharge  being 
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Fig.  2.  Cycling  performance  of  the  anode  made  of  the  Si  particles  shown  in  Fig.  1.  The 
C-rate  used  in  the  experiments  is  indicated  in  the  figure. 


dictated  by  the  cut-off  of  the  current  when  the  voltage  exits  from 
the  range  0-2.5  V.  The  capacity  decreases  to  1025  mAh  g-1  in  the 
second  cycle.  As  expected,  the  in-situ  video  picturing  the  evolution 
of  the  electrode  (Video  1 )  shows  a  large  change  in  the  volume  of 
the  electrode  during  the  cycling.  The  same  observations  have  been 
made  at  different  resolutions.  The  recording  at  high-resolution  in 
Video  2  illustrates  the  very  large  Si  expansion  observed  during  the 
second  discharge  when  the  voltage  of  the  cell  is  in  the  vicinity  of 
0.045  V.  In  this  video,  the  color  of  the  image  becomes  slightly 
darker  with  time,  mainly  due  to  carbon  deposition/migration  of 
hydro-carbon  induced  by  the  electron  beam  of  the  SEM  (carbon 
contamination).  The  same  particles  behavior  is  observed  at  any 
magnification  (lower  magnification  produce  less  electron  dose  and 
thus  lower  C  deposition).  In  order  to  decrease  the  carbon 
contamination,  no  observation  was  made  (i.e.  no  electron  beam 
was  sent  to  the  cell)  in  the  time  range  [6  h-24  h]  in  these  ex¬ 
periments.  The  first  important  result  is  that  no  cracking  of  the 
particles  can  be  observed.  Even  the  biggest  particles  (200  nm)  did 
not  crack.  Another  striking  result  that  can  be  also  observed  on 
these  videos  is  the  electrochemical  sintering  of  the  particles  upon 
cycling.  This  is  best  evidenced  in  Fig.  1  that  compares,  at  two 
magnifications,  Si  electrode  before  and  after  the  two  cycles.  After 
the  two  cycles,  those  of  the  particles  that  did  not  coalesce  (this 
point  will  be  discussed  below)  have  a  volume  ca.  85%  bigger  than 
before  cycling.  This  dilatation  of  the  particles  was  not  observed 
after  the  first  cycle;  it  is  observed  only  after  the  second  one. 
Nevertheless  a  significant  capacity  loss  between  charge  and 
discharge  is  observed  during  this  cycle.  Wu  and  Bennett  have 
argued  that  this  loss  is  due  to  a  consumption  of  charge  associated 
to  the  decomposition  of  the  electrolyte  to  form  the  solid  electro¬ 
lyte  interface  (SEI)  [40].  On  another  hand,  the  amorphization  of  Si 
during  this  first  cycle  can  generate  at  the  second  cycle  many  de¬ 
fects,  including  dangling  bonds  that  have  a  strong  affinity  to 
capture  Li  ions  [41  ].  Substituted  Li  in  Si  can  be  kept  stable  up  to 
670  °C  [42].  Therefore,  it  may  be  very  difficult  to  extract  all  the  Li+ 
ions  from  the  particle  under  electrochemical  conditions  in  the 
second  cycle.  Taking  into  account  the  fact  that  the  volume  change 
AV/V  is  420%  between  Si  and  SiLLi.4,  and  assuming  that  the  volume 
change  is  proportional  to  the  Li  content,  a  85%  volume  change 
after  the  second  cycle  would  correspond  to  a  Li  concentration 
SiLio.g,  and  thus  a  20%  loss  of  capacity  between  the  first  and  the 
second  cycle.  This  is  indeed  the  order  of  magnitude  of  the  loss  of 
capacity  observed  in  Fig.  2  between  the  two  cycles.  Therefore,  the 
main  part  of  the  loss  of  capacity  observed  in  the  electrochemical 
experiments  is  caused  by  the  decomposition  reaction  of  the 
electrolyte  during  the  first  cycle,  but  in  the  second  cycle  it  is 
mainly  attributable  to  the  remaining  Li  ions  that  cannot  be 
extracted  from  the  lithium  from  the  structural  defects  such  as 
dangling  bonds  generated  upon  cycling  inside  the  Si  particles. 
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Fig.  3.  Electrochemical  sintering  of  the  Si  particles  after  the  second  cycle. 


Supplementary  video  related  to  this  article  can  be  found  at 
http://dx.doi.org/10.1016/jjpowsour.2013.09.069. 

In  addition,  Si  particles  aggregate.  This  is  best  evidenced  in 
Fig.  3,  showing  that  many  dispersed  particles  have  coalesced  into  a 
flocculation  structure,  up  to  the  point  where  the  SEM  image  detect 
a  continuous  net  structure  with  cavities.  This  phenomenon  is  the 
so-called  electrochemical  sintering  [43].  This  change  in  the 
morphology  associated  to  the  aggregation  of  the  particles  has  been 
repeatedly  observed  for  nano-sized  uncoated  Si  particles  when 
they  are  discharged  to  0.0  V  vs.  Li+/Li  [41,44,45].  We  find  in  the 
present  work  that  this  phenomena  starts  at  the  second  cycle,  at 
potential  ca.  0.045  V.  The  mechanism  proposed  for  this  agglomer¬ 
ation  mechanism  [41  ]  is  that  the  insertion  of  lithium  ions  expands 
the  volume  of  each  particle  and  increases  the  contact  of  separated 
particles.  Then,  due  to  the  high  surface  energy  of  nanosized  parti¬ 
cles  [29],  Si  atoms  of  neighbor  particles  may  have  a  strong  affinity 
to  bond  together  and  form  an  agglomerated  body.  We  find  that  this 
process  is  still  active  for  particles  of  size  of  the  order  of  100  nm. 

As  a  consequence  of  this  electrochemical  sintering,  the  electrode 
becomes  much  more  rigid,  to  the  point  where  the  electrode  cannot 
accommodate  the  change  of  volume  upon  cycling.  The  result  is  a 
fracture  of  the  electrode  already  in  the  next  cycle  after  the  sintering 
has  been  observed,  resulting  in  the  failure  of  the  electrode.  This  is 
shown  in  Video  3  recorded  with  a  cell  prepared  with  nano  Si 
powder  and  Algae  binder. 

Supplementary  video  related  to  this  article  can  be  found  at 
http://dx.doi.org/10.1016/jjpowsour.2013.09.069. 


Several  studies  have  suggested  a  terminal  particle  size  below 
which  particles  do  not  fracture  [46,47].  The  fracture  of  nanosized  Si 
wires,  however,  contradicts  these  conclusions  [48].  Recently,  the 
recordings  of  the  formation  of  L^Sis  nanorods  suggest  that  the  Si 
nanorods  with  diameters  of  26  nm  did  not  fracture  upon  lithiation, 
while  nanorods  with  55  nm  were  cracked  [33,49].  These  conflicting 
results  suggest  that  the  cracking  of  the  particles  do  not  only  depend 
only  on  the  size  but  also  on  the  shape  of  the  particles  and  on  its 
crystal  orientation  [33].  More  spherical  particles  are  mechanically 
less  fragile  than  ultrathin  nanorods,  which  might  make  a  difference 
in  the  ability  of  the  particles  to  avoid  cracking  upon  cycling.  This 
could  mean  the  stress  in  the  particle  has  a  preferred  direction  of 
propagation.  Since  the  formation  of  L^Sis  is  damageable  to  the  Si- 
particles,  we  might  expect  that  the  substitution  of  Si  by  SiO  parti¬ 
cles  would  avoid  the  formation  of  this  phase,  and  thus  would 
prevent  the  particles  from  cracking.  It  is  the  purpose  of  the  next 
section  to  explore  the  behavior  of  micron-sized  SiO  particles  of  the 
same  shape  as  in  this  section. 

4.  Results  on  SiOx  anodes 

The  SiOx  (x  ~  0.95)  particles  used  in  this  work  are  the  same  as  in 
our  earlier  work  [35].  SiO  is  thermodynamically  unstable.  The 
commercial  SiO  is  then  constituted  of  nanoclusters  of  amorphous  Si 
clusters  and  amorphous  Si02  clusters,  surrounded  by  Si-suboxide 
[50,51].  The  suboxide  part  is  expected  to  be  inactive  in  the  chem¬ 
ical  process.  Advantage  has  been  taken  this  property  by  using  SiO  as 
a  buffer  to  constrain  the  volume  change  of  the  active  part  52]. 
Therefore,  the  mechanical  properties  of  Si  and  SiO  are  not  neces¬ 
sarily  the  same.  Even  the  electrochemical  properties  of  SiO  cannot 
be  extrapolated  from  Si.  The  electrochemical  reactions  of  SiO 
involved  during  cycling  are  still  controversial,  with  formation  of 
new  phases  in  different  concentrations  (L^O,  Li— Si  alloy  and  Li— 
silicates)  [53-58]. 

We  have  performed  the  same  experiments  as  in  the  former 
section  on  micron-sized  SiO  particles  to  investigate  the  cracking 
upon  cycling.  Fig.  4  gives  the  SEM  image  of  the  working  electrode, 
showing  the  size  distribution  ranging  from  6  to  20  pm.  The  elec¬ 
trochemical  properties  are  reported  in  Fig.  5  under  the  form  of  the 
voltage  as  a  function  of  time  at  constant  current  0.05  mA,  corre¬ 
sponding  to  a  charge-discharge  at  rate  C/12.  In  these  experiments, 
the  cycles  are  restricted  to  the  voltage  range  0.1— 2.5  V.  Under  such 
conditions,  the  capacity  is  1120  mAh  g1  and  remains  constant 
along  the  three  first  cycles  that  have  been  explored,  which  gives 
evidence  that  the  particles  did  not  crack.  This  is  confirmed  by  the 
SEM  images  recorded  in-situ  (Video  4),  and  in  Fig.  4  at  the  end  of 
the  discharge  at  0.1  V  in  the  two  first  cycles  (same  time  scale  as  in 
Fig.  5).  During  the  Li  insertion,  the  image  in  Fig.  4  gives  evidence  of  a 
reversible  increase/decrease  of  the  size  of  the  particles  upon 
insertion/extraction  of  Li.  No  cracking  can  be  observed  when  the 
voltage  is  kept  larger  than  0.1  V.  The  difference  in  the  backscattered 
electron  (BSE)  intensity  of  the  particles  in  Fig.  4  before  cycling  and 
after  discharge  is  due  to  the  fact  that  the  BSE  intensity  is  a  function 
of  the  mean  atomic  number  of  the  target  and  thus,  on  the  Li- 
content,  as  it  is  shown  in  Fig.  6,  and  computed  using  the  Casino 
Monte-Carlo  program  [59  .  Therefore,  the  non-lithiated  part  of  the 
particles  is  whiter  (more  BSE  intensity)  in  the  image.  On  another 
hand,  upon  Li  insertion,  the  BSE  intensity  is  lower  and  the  particle 
becomes  darker  and  darker. 

Supplementary  video  related  to  this  article  can  be  found  at 
http://dx.doi.org/10.1016/jjpowsour.2013.09.069. 

We  can  see  clearly  in  the  Video  4  and  Fig.  4  that  even  at  the  end 
of  the  discharge  (picture  at  V  =  0.11  V),  part  of  the  bigger  particles 
remain  white,  i.e.  the  lithium  did  not  have  sufficient  time  to  diffuse 
inside  their  core  region.  This  result  explains  the  rather  low  capacity 
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Fig.  4.  Cross-section  image  of  the  electrode  made  with  micron-sized  SiO  particles  before  cycling  (to  the  left),  and  at  the  end  of  the  discharge  limited  to  V  =  0.1  V  in  the  first  and 
second  cycles,  along  the  cycling  tests  reported  in  Fig.  5. 


observed  with  such  particles.  In  addition,  it  gives  evidence  that  the 
system  is  out  of  thermodynamic  equilibrium.  We  can  see  in  Fig.  7 
that  the  opposite  holds  true,  i.e.  at  the  end  of  charge  at  2.5  V, 
part  of  the  particles  are  not  white,  confirming  the  difficulty  to 
extract  all  the  lithium. 

Some  gas  evaporation  was  clearly  visible  during  in-situ 
experiment  (see  Fig.  7),  which  was  responsible  for  the  very  short 
filament  life  (<30  h  instead  of  100  h  in  absence  of  gas  evapora¬ 
tion).  This  evaporation  is  presumably  due  to  the  reductive 
decomposition  of  LiTFSI.  We  have  chosen  this  salt  for  the  ability  of 
the  TFSI  anion  to  form  passivating  surface  films  during  electro¬ 


reduction  in  the  presence  of  Li  ions,  and  LiTFSI  is  also  known  for 
its  highest  conductivity  in  dry  polymer.  Flowever,  the  study  of  the 
decomposition  of  ionic  liquid  during  cathodic  polarization  of 
lithium  and  graphite  electrodes  has  revealed  that  the  decompo¬ 
sition  of  this  anion  results  in  the  production  of  volatile  products, 
mainly  trifluoromethane  60]. 

Small  trenched  regions  at  the  electrode  surface  were  obtained 
in-situ  using  a  focused  ion  beam  on  the  SiO  electrode  (Fig.  8).  We 
also  present  result  of  X-ray  mapping  using  an  energy  dispersive  X- 
ray  spectroscopy  (EDS)  of  the  same  part  of  the  electrode.  The  SiO 
particles  are  poly-disperse  in  the  range  1—10  pm,  and  embedded 


£ 


o 

> 


80 

70 


50  | 

■a 

a> 

40  £ 


30  ( 


20 

10 


time  (h) 


S 


aj 

0Q 


Si  concentration  (at.%) 


Fig.  5.  Cycling  of  the  electrode  with  micron-sized  SiO  particles  in  the  voltage  range 
0.1 -2.5  V.  The  time  scale  is  the  same  as  the  one  used  in  Fig.  4. 


Fig.  6.  Intensity  of  the  backscattered  electron  as  a  function  of  the  Li  concentration  x  in 
SiLix  normalized  to  Si  and  computed  using  the  Casino  Monte-Carlo  program  [59]. 


462 


P.  Hovington  et  al.  /  Journal  of  Power  Sources  248  (2014)  457-464 


Fig.  7.  Cross-section  image  of  the  electrode  made  with  micron-sized  SiO  particles  at 
the  end  of  charge  (2.5  V). 


Fig.  9.  Cross-section  image  of  the  electrode  made  with  micron-sized  SiO  particles  after 
deep  discharge  at  15  mV.  Note  the  crack  near  the  surface  of  the  3.4  pm  particle  at  the 
upper  right  corner  of  the  image. 


in  the  organic  medium  made  of  the  electrolyte  and  binder.  In 
addition,  the  image  shows  that  this  medium  is  very  porous,  aiming 
to  absorb  the  large  change  of  volume  of  the  SiO  particles.  Fig.  9 
shows  the  same  electrode  after  the  first  full  discharge 
(V  =  5  mV)  at  rate  C/24.  The  very  large  volume  increase  of  the 
particles  has  now  compacted  the  electrode.  In  addition,  the  X-ray 
mapping  images  in  Fig.  10  shows  an  important  change  in  the 
structure  of  the  electrode,  since  the  oxygen  has  now  spread 


Fig.  8.  Cross-section  image  of  the  electrode  made  with  micron-sized  SiO  particles 
before  cycling  (top),  and  EDS  analysis  (down)  showing  the  Si  and  0  elements  inside  he 
particles,  and  carbon  from  the  binder  and  the  electrolyte. 


outside  the  particles,  suggesting  the  production  of  Li20,  while  Si 
particles  are  formed. 

This  formation  of  Si  allows  us  to  understand  now  why  the  par¬ 
ticles  did  not  crack  when  the  voltage  is  maintained  larger  or  equal 
to  0.1  V.  This  threshold  corresponds  to  the  voltage  expected  for  the 
composition  Li^Siy.  Indeed,  Bridel  et  al.  61  ]  have  reported  that  the 
Si-particles  do  not  fracture  when  they  are  not  solicited  entirely 
(stop  of  the  lithiation  at  Lii2Si7  instead  of  Li22Sis).  On  another  hand, 
they  crack  when  the  lithiation  process  is  pushed  up  to  the  forma¬ 
tion  of  Li22Si5.  Therefore,  one  advantage  of  the  formation  of  Si  upon 
cycling  of  SiO  particles  is  the  reduced  fatigue  of  the  electrode  when 
the  voltage  is  kept  above  0.1  V. 

The  drawback  of  the  loss  of  oxygen,  however,  is  that  the  sub¬ 
stitution  of  Si  by  SiO  particles  in  the  pristine  electrode  cannot  lead 
to  any  improvement  of  its  mechanical  resistance  when  the  cycling 
involves  deep  discharge  at  15  mV.  This  is  confirmed  by  the  obser¬ 
vation  of  Fig.  9.  On  one  hand,  the  smaller  particles  of  size  d  <  2  pm 
have  conserved  their  integrity.  On  another  hand,  the  bigger  parti¬ 
cles  have  cracked.  This  can  be  observed  for  the  particle  with 
d  =  3.4  pm  on  top  right  of  Fig.  9,  or  in  Fig.  10  as  well.  In  these  two 
figures,  the  particles  have  cracked  near  the  surface.  But,  the  big 
particles  d  >  10  pm  have  been  pulverized.  This  is  illustrated  in 
Fig.  11.  Therefore,  we  find  that  the  change  of  volume  of  the  SiO 
particles  is  comparable  to  that  of  the  Si  particles,  contrary  to  a 
hypothesis  in  Ref.  [35].  Instead,  our  result  confirms  that  the  limited 
volume  change  of  the  SiO/C  electrodes  does  not  come  from  the 


Fig.  10.  X-ray  mapping  of  the  SiO  cell  after  deep  discharge  at  V  =  15  mV.  Note  the 
important  O  increase  in  the  binder/electrolyte  compared  to  Fig.  8. 
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Fig.  11.  Example  of  pulverized  SiO  particle  after  the  deep  discharge. 


particles,  but  the  increase  of  pre-formed  voids  between  the  parti¬ 
cles  in  presence  of  carbon,  so  that  the  these  voids  can  be  filled  and 
emptied  during  cycling  [62]. 

5.  Conclusion 

The  in-situ  electron  microscopy  of  Si  and  SiO-based  electrodes 
with  different  sizes  of  particles  between  0.1  and  20  pm  has  pro¬ 
vided  a  new  insight  into  the  micro-structural  evolution  of  the 
particles.  When  the  particles  are  larger  than  10  pm,  the  cell  is  out  of 
thermodynamic  equilibrium  even  at  low  C/24  rate,  because  the 
lithium  ions  do  not  have  time  enough  to  exit  from  the  particles.  The 
consequence  is  an  inhomogeneous  distribution  of  Li  in  the  particles 
that  can  increase  the  internal  stress  during  cycling.  Nevertheless, 
rather  big  (micron-sized)  SiO  particles  resist  and  conserve  their 
integrity  when  the  voltage  of  the  battery  is  limited  to  0.1  V,  i.e. 
when  the  lithiation  is  stopped  at  Li^Siy.  The  substitution  of  Si  by 
SiO  does  not  help,  as  the  oxygen  is  lost  during  the  cycling.  On 
another  end,  full  discharge  results  in  a  cracking  of  the  particles  of 
dimension  d  >  2  pm  near  the  surface,  and  the  particles  with 
d  >  10  pm  are  pulverized.  On  another  hand,  with  the  smaller  par¬ 
ticles  (d  ~  0.1  pm),  the  electrochemical  sintering  is  a  cause  of 
failure  of  the  battery,  because  the  more  rigid  electrode  cracks. 
These  results  suggest  that  Si  cannot  be  competitive  with  lithium  or 
even  graphite,  unless  the  clamped  hollow  nanostructures  that 
avoid  these  problems  can  be  synthesized  at  a  price  that  is  not 
prohibitive  for  a  commercial  use. 
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